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On the climatology and structure of

tropical cyclones in the Australian/

southwest Pacific region: III. Major
hurricanes

Greg J. Holland*, Department of Atmospheric Science, Colorado State University
(Manuscript received March 1983; revised October 1983)

An Australian region intensity change climatology is presented. The climatological
and structural features of major hurricanes are then described and a comparison is
made with the oceanic hurricane from the two companion papers (Holland 1983b,
1983c). The two systems are shown to have similar structures and environmental
interactions. This paper concludes the study on the climatology and structure of
tropical cyclones throughout the Australian/southwest Pacific region. Hence, a

overall summary of the major findings is also presented. :

Introduction

This is the last of three papers aimed at examining
the major climatological and structural features of
tropical storms, hurricanes and major hurricanes
throughout the Australian/southwest Pacific region.

In the previous two papers (Holland 1983b, 1983c;
hereafter referred to as Hl and H2) we discussed
tropical storms and hurricanes. Here we present a
climatology and structure of the major hurricane,
together with some statistics on intensity change.
Unfortunately, we do not have sufficient information
to incorporate the southwest Pacific east of 165 °E;
hence our discussion is limited to the Australian
region (105 °-165 °E). Some additional climatological
information on major hurricanes in the neglected
portion of the southwest Pacific region may be found
in Revell (1981).

In summary, we then present an overview of the
findings from all three papers and indicate some
future research avenues.

Data and definitions

The data, compositing methodology and special
definitions described in H1 also form the basis of
this paper. In particular, we have defined major
hurricanes as all cyclones in which the minimum
central pressures were below 960 mb. Using Dvorak
(1975) these systems correspond to class 3-5
hurricanes on the Saffir-Simpson scale (Simpson
1974) and to supertyphoons in the northwest Pacific
region. This definition is also consistent with the
major hurricane classification of Revell (1981).

*Permanent affiliation: Head Office, Bureau of
Meteorology, Melbourne
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Following Holland (1981) we also place tropical
cyclone tracks into five categories: westward,
southward and eastward moving, recurving and
erratic. The first three describe cyclones which moved
continuously towards the west to southwest,
southwest to southeast, and southeast to east
throughout their lifetime, with no major track
perturbations. To be classified as recurving a cyclone
must have moved steadily to the west or southwest
for at least two days, recurved in an anticlockwise
manner, then moved steadily east to southeast for
another two days (or crossed the coast). All cyclones
which do not fit the above classification were placed
in the erratic category. :

In interpreting the climatological results in this
paper, careful attention should be given to the
inherent data problems and deficiencies described in
H1 and H2. :

Major hurricane climatology

Spatial distribution

The major hurricanes form a subset of the hurricanes
and, as shown in Fig. 1, have a very similar spatial
distribution to that presented in H2. They occur most
frequently off the northwest Australian coast, with
secondary maxima in the Gulf of Carpentaria and
Coral Sea region. The origin, maximum intensity and
decay point distributions, shown in Fig. 2, are also
qualitatively similar to those for the hurricane. Note,
however, the concentration of coastal crossings along
the northwest Australian coast. Eighty-six per cent
of major hurricanes in the north/west Australian
region made landfall compared to only 38 per cent
of non-major hurricanes and 55 per cent of tropical
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Fig. 1 Major hurricane occurrence (days per 5°
Marsden square for the period 1959-1979) for
the Australian region. Stippling indicates
regions of no occurrence, and dashed lines
indicate intermediate isochrones.
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Fig. 2 Major hurricane origin, maximum intensity,
and decay point distributions for the
Australian region. Tick marks indicate median
latitudes and filled in symbols indicate multiple
occurrences.
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storms. Further, these landfalling north/west
Australian cyclones comprise 41 per cent of all major
hurricanes in the entire Australian region; and they
tend to cross the coast at or very near maximum
intensity. As we shall presently show, these statistics
are largely due to the generally benevolent
environment for west coast hurricanes and to their
propensity for recurving at or near maximum
intensity.

Intra-seasonal distribution

The intra-seasonal distribution of major hurricanes
is shown in Fig. 3. Because of the small number of
observations, no statistical significance can be placed
on any of the details shown in Fig. 1. However, the
major hurricanes display the same early season
maximum as the larger hurricane distribution in H2;
thus, this is probably a real feature. By comparison,
there is no ready explanation for the March
minimum and this may well be due to data bias.
Note that there is no distinct mid-season minimum
in major hurricanes, as was observed for hurricanes

over the north/west Australian region. This arises
partly from a mixing of Coral Sea systems with those
in the north/west Australian region. But there is also
tentative evidence that a higher proportion of
hurricanes become major in this mid-season period.

Motion

The trend for hurricanes to move more consistently
westward than tropical storms (H2) is continued in
the major hurricane classification. As Fig. 4 shows,
major hurricanes in the Australian region are

Fig. 3 Major hurricanes seasonal distribution for the
‘Australian region. Except for the extremities,
the curves have been smoothed by a running
15-day mean.
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dominated by west to southwestward moving
systems. A similar finding has been made for the
southwest Pacific by Revell (1981). We shall,
however, show presently that these major hurricanes
are comprised mainly of recurving cyclones which
cross the Australian coast after recurvature.
Australian region cyclones which move continuously
westward rarely become major hurricanes. This is
quite different to observations in other ocean basins
where westward moving systems, which can move
for long periods over warm tropical waters with no
detrimental shearing effects by strong upper
tropospheric westerlies, may become very intense.

The speed distribution, including the mean and
median speeds, is almost identical to that for
north/west Australian hurricanes described in H2.

Tropical cyclone intensity and intensity
change
Recall from the definitions in H1 that tropical
cyclone intensity refers to the maximum wind or
minimum central pressure only. The radius of gale
force winds, or outer closed isobar, defines the
cyclone size, and strength refers to the average
angular momentum inside 300 km. At this stage of
our investigation we have not been able to develop
a climatology of strength or size for the Australian
region. Hence, we limit our presentation here to a
description of the intensity and intensity change
features only.

The maximum intensity distribution for tropical
cyclones over the Australian region is shown in Fig.
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Fig. 4 Major hurricane direction and speed
distributions for the Australian region. The
curves have been smoothed by 5-point running
means. :
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5. The distribution curve gives the number of
cyclones with minimum central pressures lying in
overlapping 5 mb bands (I mb resolution), and has
also been smoothed by a running S-point mean. We
see that over the entire region, 45 per cent of tropical
cyclones reached hurricane intensity and 15 per cent
became major hurricanes. The proportions for the
north/west Australian region and the southwest
Pacific taken separately are similar. However, in the
north/west Australian region most tropical storms
are found in the Gulf of Carpentaria and most
hurricanes off the northwest Australian coast.
Hurricanes with central pressures less than 940 mb
also occurred exclusively off the northwest
Australian coast; the corresponding lack of very
severe cyclones over the Coral Sea may be real or
it may be a result of the possible data bias in this
region described by Holland (1981).

As we have shown in Holland (1983a), if all
cyclones are considered together there is no
significant correlation between maximum intensity
and the latitude at which the cyclones formed.
However, significant trends emerge if we separate
tropical storms from hurricanes and plot minimum

Fig. 5 Maximum intensity distribution of tropical
cyclones in the Australian region. The abscissa
gives the number of observations in 5 mb
bands and the curve has been smoothed by a
5-point running mean.
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central pressure against origin latitude. As may be
seen in Fig. 6, the most intense hurricanes tend to
originate around 10°S in the Coral Sea region and
at a higher latitude of 15° — 18°S in the-north/west
Australian region. Notably, in both regions, cyclones
which originate at very low latitudes do not become
as intense as those which originate at higher latitudes.

As shown in Fig. 7, there are also significant trends
in the maximum intensity distribution of
intensification period and mean intensification rate
(from origin to maximum intensity). Comparing
tropical storms (980-995 mb) to major hurricanes
((960 mb), we see that the major hurricanes typically
take twice as long to reach maximum intensity and
also intensify at three times the rate of tropical
storms. The tropical storm portion of both curves
in Fig. 7 lies between the slow and typical develop-
ment curves of Dvorak (1975). But, the hurricanes
are quite different: between 980 and 940 mb they lie
very near Dvorak’s rapid development curve.
Though there are very few observations below 940
mb, the intensification rates seem to level off
indicating that these very severe systems simply
manage to maintain a longer intensification period.

It is also interesting that below 970 mb the time
to maximum intensity, and the intensification rate
curves, are distinctly out of phase. This implies that
either the ultimate intensity of each hurricane was
somehow predetermined (regardless of intensification
rate) or, that whatever processes cause rapid
intensification also hasten the eventual destruction
of the cyclone.

The latitudinal distribution of the local rates of
intensification (6-hour resolution and exclusive of
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Fig. 6 Distribution of minimum central pressures by origin latitude for tropical storms and hurricanes in the Australian
region. Ninety-five per cent confidence intervals are also shown.
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Fig. 7 Distribution by maximum intensity of: (a) intensification period (in days); and (b) mean intensification rate (mb
d-') for tropical cyclones in the Australian region. Ninety-five per cent confidence intervals are also shown by cross
bars; cross bars with open ends indicate that no statistical confidence can be placed in the observation.
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landfalling storms) of those cyclones which became
hurricanes is shown in Fig. 8. In both regions
decaying systems dominate polewards of 22°S. In
the Coral Sea region the average intensification rate
is essentially constant equatorwards of 20°S, whereas
in the north/west Australian region a significant
maximum occurs between 15 °-20°S. By comparison,
tropical storms (not shown) also have a
preponderance of decaying systems polewards of
20°S. But, equatorward of this latitude they exhibit
an almost zero net intensification rate, a result of
deepening and filling systems occurring in nearly
equal proportions. Thus, while hurricanes typically
decay in the subtropics, a large proportion of tropical
storms decay over the tropical oceans. ’

The mean meridional and zonal motion for
tropical storms and all hurricanes during
intensification is contained in Table 1. In both
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regions hurricanes move more rapidly westward than
tropical storms, and in the southwest Pacific tropical
storms tend to move eastward during intensification.
Surprisingly, intensifying hurricanes in both regions
move poleward faster on an average than intensifying
tropical storms. Revell (1981) obtained different
results for the entire southwest Pacific from 1969 to
1979. He found that tropical storms (which he
defines as being greater than 25 m s- maximum
wind speed) moved eastward at 3.6 m s and
poleward at 2.6 m s-t while hurricanes move
westward at 0.8 m s-1 and poleward at 1.9 m s-1. As
we have already shown in H1, this difference is due
to the distinct increase in poleward and- eastward
motion for tropical storms east of 165°E.

A quite important finding of this study is the
distinction between track types and cyclone intensity
shown in Fig. 9. This figure contains the maximum
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Fig. 8 Distribution by latitude of local intensification rates
for the complete life cycle of hurricanes in the

Australian region. Ninety-five per cent confidence

intervals are also shown.
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Table 1. Mean zonal (V) and meridional (V) motion (m
s-1) during the intensification period of tropical
storms and hurricanes in the north/west
Australian region and southwest Pacific region
west of 165°E.

Region Intensity Motion
Ve Vn

North/west Tropical storms -1.1 -1.0

Australian Hurricanes -2.0 -1.5

region

Southwest Tropical storms 0.5 -2.0

Pacific region Hurricanes -0.6 -2.4

west of 165°E

intensity distribution of four of the five track types
defined under ‘Data and definitions’. The southward
moving cyclones were very few in number and thus
not included. We also required that the recurvature
point for recurving cyclones be near the point of
maximum intensity (if not, the cyclone was placed
in one of the other categories, i.e. a recurving cyclone
in which recurvature occurred three days after
maximum intensity would be classified in Fig. 9 as
a westward moving cyclone). We see that tropical
storms are comprised of roughly equal numbers of
recurving,- westward and eastward moving, and
erratic cyclones. But, most of the hurricanes, and
almost all the major ones, came from the recurving
category. In addition, many of the westward moving
hurricanes displayed evidence of missed recurvature
during intensification. This provides further
confirmation of our composite study conclusions in
H1 and H2 that the intensification to hurricane or
major hurricane stage occurs during an interaction

between the cyclone and an approaching westerly
trough, a point that is discussed extensively in
Holland and Merrill (1983).

Rapid intensification

Periods of extreme rapid intensification are certainly
underestimated in the Australian region. This results
from the almost universal use since 1966 of satellite
techniques (Anderson et al. 1974; Dvorak 1975) in
which intensity change is limited as much as possible
to two or three characteristic rates. Hence, using
Dvorak (1975) as a basis, we define rapid
intensification as any period in which the central
pressure fell by at least 6 mb in a 6-hour period, and
a rapid intensification cycle as the period in which
the central pressure continued to fall at a minimum
rate of 6 mb for subsequent 6-hour periods. The
distribution of total central pressure fall during these
rapid intensification cycles is shown in Fig. 10. A
large number of single event 6 mb falls were
recorded; and some of these were quite suspect,
occurring just before landfall or as the cyclone
crossed an observation point. The largest sustained
rapid pressure falls were two observations of 48 mb
over periods of 36-and 42 hours; nothing even
approaching the occasional northwest Pacific
pressure falls of 40-90 mb in 24 hours (Holliday and
Thompson 1979) has been recorded in the Australian
region.

Fig. 9 Percentage frequency of maximum intensity for
tropical cyclones in the westward, eastward, erratic
and recurving movement classes (see text for

definitions).
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The distributions of central pressure, latitude and
month at which rapid intensification commenced are
shown in Figs 11, 12 and 13. Rapid intensification
typically started around 995 mb for both single and
multiple period cycles and in 75 per cent of cases
ended within 12 hours of maximum intensity. A
secondary peak may be seen at the 970-975 mb
central pressure band and almost no rapid
intensification cycles began below 970 mb. The mean
latitude of commencement is near 15°S and the
distribution is skewed towards higher latitudes. All
of the low latitude observations occurred in the early
or late part of the season, but the general distribution
is normally distributed throughout the season.

Fig. 10 Distribution, in 6 mb classes, of total falls in central
pressure during rapid intensification cycles for
Australian region hurricanes.
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The mean and median cyclone speeds at the start
of rapid intensification were 4.1 and 3.6 m s-
respectively; these are slightly slower than the mean
speed of all hurricanes. With regard to direction of
motion: 41 per cent recurved within 24 hours of the
rapid intensification cycle; 10 per cent displayed
evidence of a missed recurvature; 16 per cent moved
continuously westward; 21 per cent moved eastward,
the majority of which accelerated by more than
5 m s within 24 hours of the rapid intensification
cycle; 6 per cent moved continuously southward; and
6 per cent were distinctly erratic. These proportions
are quite similar to the hurricane distribution in Fig.
9, an expected result since most hurricanes experience
a period of rapid intensification.

The dynamic_ structure of major
recurving hurricanes

We have shown in Fig. 9 that most major hurricanes
also recurve. This not only implies a consistent
environmental influence, it also enables us to

Fig. 11 Distribution, in 5 mb classes, of central pressure
at which rapid intensification commenced and for:
(a) all occurrences, (b) multiple period occurrences
in which rapid intensification was maintained for
at least 12 hours.
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Fig. 12 Distribution, in one degree classes, of the latitude
at which rapid intensification commenced and for:
(a) all occurrences, (b) multiple period occurrences
in which rapid intensification was maintained for
at least 12 hours.
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produce a dynamic composite of most major
hurricanes in the Australian region while minimising
any bias problems. To do this, we selected all major
Australian hurricanes (minimum central pressure less
than 960 mb) which recurved and which reached
maximum intensity at or within one day of
recurvature. These were separated into three phases:
the developing tropical storm phase, with central
pressure between 995 and 980 mb (AUSO1); the
intensifying hurricane phase, with central pressure
less than 980 mb (AUS02); and the decaying
hurricane phase, again central pressure less than 980
mb, no landfalls, and at most two days after
maximum intensity was reached (AUS03). Further
details on these composites may be found in Holland
(1983a).

We note that the major hurricanes which comprise
this composite come from both the eastern and
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Fig. 13 Seasonal distribution, in one month classes, of the
month in which rapidly intensifying cyclones
occurred and for: (a) all rapidly intensifying
cyclones, (b) those cyciones in which rapid
intensification continued over more than one
6-hour period.
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western Australian regions. We have assumed that
the narrow stratification criteria imply a consistent
environmental wind field, and thus minimise any
wind bias. However, the wide longitudinal range of
the observations, with the presence of the Australian
continent, stop us from also producing an acceptable
thermal composite.

Axisymmetric cross-sections

The axisymmetric cross-sections of azimuthal winds

for the different phases of the major recurving
hurricane are shown in Fig. 14. Also shown for
comparison are the azimuthal winds for the oceanic
hurricane composite described in H1 and H2. We
note that these two composites are compietely
independent of one another.

In the tropical storm phase (AUSO1, AUS09) the
two systems are almost identical. They are both quite
large and have an extensive upper anticyclonic flow.
However, the tropical storm phase of the major
recurving hurricane does have a slightly deeper
cyclonic circulation, with a more concentrated
vertical wind shear in the upper troposphere.

In the intensifying hurricane phase (AUSO02,
AUSO06) the major recurving hurricane is more
intense than the oceanic hurricane. This is to be
expected, but, interestingly, the major recurving
hurricane is also weaker and smaller; the oceanic
hurricane has both strengthened and grown, whereas
the strength and size of the major recurving hurricane
has remained static. Note also that there is virtually
no change in the extent or strength of the upper
tropospheric anticyclonic flow between the
intensifying tropical storm and hurricane phases of
both systems. We shall presently see (Figs 16 and 17)
that this consistent, axisymmetric anticyclonic
circulation is maintained by strong subtropical

westerlies on the cyclone’s poleward side.

In the decaying hurricane phase (AUS03, AUS07)
the major recurving hurricane has become less
intense, but has strengthened and grown slightly.
Indeed, it is now much stronger than the decaying
oceanic hurricane, which has weakened considerably.
This may be an actual regional difference, but it may
equally be a composite bias problem; since many of
the decaying major recurving hurricanes crossed the
Australian coast, the AUS03 composite is, in the
mean, not as far into the decaying phase as is the

. AUSO07 oceanic system. A general disruption of the

upper tropospheric anticyclonic circulation is also
observed for both systems and the deep cyclonic
circulation of the intensifying hurricane phase has
changed to a distinct low-level maximum with an
increase in mid-tropospheric vertical wind shear.

The reasons behind these azimuthal wind
variations may be partially seen in the axisymmetric
radial wind cross-sections of Fig. 15.

Both systems have a long, shallow outflow layer
near 200 mb during intensification with inflow
maxima immediately above and below. As we have
noted in H1 and H2, differential angular momentum
transports by these radial winds help generate and
maintain the observed deep cyclonic circulation and
strong upper tropospheric vertical wind shear (Fig.
14). The two hurricanes then decay with a deep
outflow and concomitant disruption of the mid to
upper tropospheric structure.

In the tropical storm phase the major recurving
and oceanic hurricane further exhibits a significant
outflow near 600 mb and out to 4 degrees latitude
radius, and low-level, outer region inflow. The outer
region inflow provides the necessary import of -
cyclonic angular momentum for the large size of
these two systems. It is notable that the inflow
disappears at the intensifying major recurving
hurricane phase and there is essentially no strength
or size change from the tropical storm phase (Fig.
14). However, the inflow is maintained in the
intensifying oceanic hurricane phase and there is a
concomitant size and strength increase (Fig. 14).

Notably, the major recurving hurricane has the
strongest low-level inner region inflow at all phases.
We believe that this is largely a result of increased
surface frictional dissipation over the Australian
continent.

A more comprehensive discussion of the
importance of these axisymmetric features, and their
maintenance mechanisms, may be found in Holland
and Merrill (1983).

Plan view wind fields

Plan view streamline/isotach fields for the three
phases of the major recurving hurricane are shown
in Figs 16 to 18. The geographical background is to
add perspective; the cyclones are located at the mean
latitude of their components and at typical longitudes






